(Cent r a1 Public Health Laboratory , Colindale) .
Salmonella and Shigella spp.: laboratory strains of Salm. dublin and Sh. sonnei were included; 12 strains of salmonellae (SF series) and 12 of shigellae (F series) as listed in table IV were from the Max-Planck-Institut fur Immunbiologie, Freiburg.
Media. For klebsiellae and pseudomonads, the chemically defined mineral-sal t medium of Davis and Mingioli (1950) in Oxoid Agar was used with sodium citrate 0.2% (w/v) as the carbon source and enriched with peptone 0.02 % (w/v) (DMSCP medium). The iron content of this medium was about 0-25 pg per ml, of which the Oxoid Agar itself contributed about one-half. For the rest of the enterobacteria tested, DMSCP medium was enriched with glucose 0.2% (w/v) (DMSCPG) and, for the more exacting aeromonads and shigellae, the peptone was increased to 0.1 % (w/v).
Viable counts were performed by the surface method of Miles, Misra and Irwin (1938) ; three or four plates were used for each dilution series.
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Assay of iron. The iron content of media was measured by the diphenyl phenanthroline method of Smith, McCurdy and Diehl(l952) .
Preparation of microbial iron chelators. Chelators in substantial quantities were obtained by extraction of liquid cultures as described by Rogers (1973) . A modification of this method was used to obtain smaller amounts for tests on indicator plates. A 10-ml overnight culture in DMSCPG medium was acidified to pH 2.0 with 6~ HCl and shaken with an equal volume of ethyl acetate. The ethyl acetate was separated, washed with an equal volume of 0 . 1~ HCl, separated again and any water present removed by treatment with Na2SO4. The extract was dried in vacuo and the residue containing the catechols, including the iron chelators, was taken up in 1.0 ml of physiological saline.
Indicator plates for the detection of microbial iron chelators. Pour-plates of 9-cm diameter were made with 15-ml volumes of medium containing EDDA and about 104 viable indicator organisms per ml. The EDDA content ranged between 5 and 450 pg per ml according to the medium and indicator organism. Concentrated EDDA solution was added to molten agar medium at 50°C; the mixture was stored at 4°C for 1-3 days and re-melted at 100°C for making the pour plates. The storage at 4°C is required to allow for a slow further binding of the Fe of the medium which is not apparent in pour-plates made immediately after addition of the EDDA at 50°C. Holding the EDDA in the agar media either at 100°C for 1-2 h or at 120°C in the autoclave for 15 min. immediately before pouring could not be substituted for the slow binding at 4°C.
Bacteria were tested for chelator production by making spot inocula of 106-107 colonyforming units (c.f.u.) in about 0.01 ml, from overnight cultures in Todd-Hewitt broth, on to the indicator plates which were examined after 18-20 h at 37°C. The iron content of this volume of broth was insufficient to reverse the EDDA inhibition.
Bioassay of solutions containing iron chelators or iron. Graded concentrations of iron chelators or of iron-containing substances were applied to EDDA indicator plates either in 9-mm cups cut in the agar, or in " fish-spine " electrical insulating beads (Lightbown and Sulitzeanu, 1957) holding 27 pl of liquid. With both classes of substance, a plot of the width of the zones of exhibition of microbial growth around the cups, or the diameters of zones around the beads, against the loglo concentration of EDDA was approximately linear, with slopes of about 5 mm for iron chelators and about 9 mm for solutions of iron salts.
Parallel lines, with a slope equal to the mean slope for a given assay, were fitted by eye to the linear responses, and relative potencies were estimated from the loglo concentrations producing an arbitrarily selected zone diameter.
Assay of the EDDA-sensitivity of bacteria. Plates of the agar medium appropriate for the group of organisms tested were seeded by flooding briefly with a suspension containing about 105 viable bacteria per ml; heavier seedings produce an unduly thick lawn of growth which is insensitive to the EDDA. When the plates were dry, solutions containing five concentrations of EDDA4.0016, 0.08, 0.4, 2.0 and 10 mg per ml-were applied in fish-spine beads. Plots of the diameters or widths of either total or partial inhibition zones appearing after 18 h at 37°C were roughly linear with respect to loglo concentration of the EDDA. Parallel lines, with a slope equal to the mean slope for a given set of assays, were fitted by eye to the linear responses, and the relative sensitivities were estimated from the loglo concentrations producing an arbitrarily selected diameter of inhibition zone.
RESULTS

The in-vitro detection of microbial iron chelators
Inhibition of growth by EDDA Our method of detecting iron chelators is based on an inoculum-dependent feature of the inhibition of bacterial growth on solid media by the synthetic iron chelator ethylene diamine-di-orthohydroxyphenyl acetic acid (EDDA). This is also described as N,N'-ethylene bis 2-(orthohydroxyphenyl) glycine by L'Eplattenier, Murase and Martell (1967) , who assign to the compound an association constant with ferric iron of 1033.9. Since the association constant of the next most avidly held trace metal Cu+ + is 1023'9, EDDA clearly has a high specificity for iron.
When surface-viable counts of an organism are made on plates containing graded concentrations of EDDA, the growth of low-density seedings of up to 2000 c.f.u. per cm2 is progressively inhibited, as evidenced first by a decrease in colony size, then a total inhibition of growth; on the other hand, high-density seedings, especially those of > 104 c.f.u. per cm2, sufficient to produce confluent or semiconfluent growth, grow well, though sometimes to a lesser extent in the presence of the higher concentrations of EDDA (table I). The same relation holds for high-and low-density seedings in the depth of an agar medium. It follows that a pour-plate with a low-density seeding of a bacterium in a minimal growth-inhibiting concentration of EDDA can serve as an indicator of chelators diffusing from a surface colony grown from a dense inoculum. After overnight incubation, colonies that produce chelators are surrounded by a zone of exhibition of the indicator colonies newly appearing in the depth of a clear medium. Cultures of any bacterium-including the indicator strain itself ( fig.  1 )-of which dense inocula will grow on the medium and at the EDDA concentration used, may be so tested. Partially inhibited indicator organisms may also be used; here the exhibition zones are composed of large colonies against a background of small colonies. The iron spec$city of growth inhibition by EDDA In view of the high association constant of the iron-EDDA complex, it is a reasonable assumption that the growth inhibition is due to a deficiency of readily available iron in the medium, and that the exhibition of growth of the indicator organism is attributable to the release of iron from the EDDA by diffusible chelators from the test colony. The validity of this assumption is strengthened by the following facts.
Zones of exhibition formed around cups in the agar medium containing iron-chelating catechols from Klebsiella spp. ( fig. 2 ) and the iron chelator desferrioxamine B derived from Streptomyces (Bickel et al., 1960) . Citrate, a feeble iron chelator, and 2,3-dihydroxybenzoate, a precursor of 2,3-dihydroxybenzoylserine, were inactive.
Iron supplied in excess of what could be held by the EDDA present also induced growth of the indicator organisms. Exhibition zones formed around cups containing low concentrations of ferric ammonium sulphate, ferrous gluconate or ferrous sulphate. Since the width of the zone was linearly related to the loglo concentration of iron, the potency was measurable in terms of a dose-response line with a slope of about 9 mm. All three salts were approximately equipotent at equal iron content. Even metallic iron, in the form of a brightly polished strip on the surface of the agar, yielded enough soluble iron during incubation to reverse the EDDA inhibition ( fig. 3) . Guinea-pig haemoglobin, and commercial haematin and ferritin, were also active.
The mixture of the other trace elements that influence microbial growth-B, Cu, Mn, Mo and Zn-at 50 times the concentrations required in minimal media was without effect in overcoming the inhibition by EDDA, as were high concentrations of Ca and Mg salts.
The indicator system
The indicator organism in the EDDA plates may be either totally or partly suppressed. With total suppression the exhibition zones are clear and small degrees of exhibition are readily detected. With partial suppression the zones are less clear, but there is the added advantage of being able to recognise the secretion by the test colony of substances that inhibit the growth of the indicator organism. These substances are undetectable with a totally suppressed indicator and this could mask the effect of simultaneously produced chelators which must then be sought in extracts of liquid cultures of the organisms.
Indicator strains. Indicator strains were selected by tests of the relative EDDA sensitivity of each species or genus of bacteria examined. Fig. 4 exemplifies such a test, with seven strains of Klebsiella. The slopes of the responses are approximately parallel. In this test the mean slope was 6.6, and the estimated relative sensitivities of six of the strains lay between 0.7 and 1.5, the value of 1.0 being assigned to strain 60/64; no. 701/66 was 10.4 times more sensitive than no. 60/64. In another test, not shown in fig. 4 , strain 72/64 was 19.8 times more sensitive than strain 60/64, and was accordingly used as the A. A. MILES AND P. L. KHIMJI klebsiella indicator. The minimum totally suppressing concentration of EDDA for this strain in DMSCP indicator plates was 50 pg per ml.
Similar results were obtained with collections of aeromonads, escherichiae, Proteus spp., pseudomonads, salmonellae and shigellae and, where possible, outstandingly sensitive strains were chosen as indicators. The estimates of susceptibility and the slope of the dose-response lines varied with the species tested, the density of the seeding and the medium, but the order of susceptibility no. 60 
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in a given group did not change sigmficantly with repeated tests. Proteus spp. were all highly susceptible to EDDA, and a proteus indicator proved to be very useful for general surveys.
With groups of bacteria from which no particularly susceptible strain emerged that could be used as a totally suppressed indicator, a strain whose colony size was substantially diminished by the EDDA was used to make partly suppressed indicator plates. Concentration of EDDA. The appropriate concentration of EDDA for a given medium was determined by trial. Table I1 shows the result of one such test with a strain of Sh. sonnei as indicator in DMSCPG agar. EDDA at 450 pg per ml is clearly the best for the detection of bacterial chelators, although even at this concentration the suppression of growth in the absence of chelators was incomplete. The lowest possible concentration was used for each system, since the indicator medium had sometimes to support the surface growth of highly EDDA-sensitive test strains.
Concentration of bacteria. The concentration of viable indicator organisms is critical (see Methods). It should not be higher than 104 per ml because the inoculum is then too dense for the manifestation of inhibition by EDDA. Concentrations of c 104 per ml may be used, but the edges of the exhibition zones are less well defined. The spot inoculum of the test organism should be as dense as can be readily obtained in overnight liquid culture.
Quantitation of chelator secretion. Preparations of iron-chelating catechols in fish-spine beads produce exhibition zones with diameters proportional to the loglo concentration of the chelator, with a slope of about 6 mm (see Methods). The diffusion of chelators as they are synthesised and released by the growing colonies of test organisms is not strictly comparable with the diffusion of preformed chelators from reservoirs on the surface of the agar. The circumstances are nevertheless similar enough to justify the assumption that when two test colonies of equal density of growth produce zones of equal intensity and diameter, they are producing chelators in approximately equal amounts. On the other hand, when there is a difference of several millimetres between two zonal diameters round similarly dense colonies, a substantial difference in degree of chelator production may be assumed.
The functional similarity of iron chelators among strains, species and genera of enterobacteria Representatives of seven enterobacterial genera listed in the Materials and Methods section were tested.
The indicator strains mainly used, and the inhibiting concentration of EDDA (E in pg per ml) for these strains were as follows: Aerom. hydrophila no. 7812 (E400), E. coli serotype 0111 (E50), Klebsiella no. 72/64 (E50), Proteus no. 254 (ElO), Pseudomonas no. 116 (E200), Salm. minnesota no. S F l l l l (E450), Salm. typhimurium no. SF1481 (E50), Sh. sonnei (E450), Sh. dysenteriae nos. F3161 (E10) and F3129 (E5).
As a rule, 12 sites on each plate were used, either seeded with test colonies ( fig. 5 ) or treated with 27 pl of test solution in fish-spine beads. The diameters of the exhibition zones, which ranged from 3 to 30 mm or more, was recorded after 18 h at 37°C. Table I1 summarises the results of a typical test. With low concentrations of EDDA ,the inhibition of the indicator was insufficient, and no zones were discernable. With medium concentrations, unstimulated indicator colonies were sufficiently small to be distinguished from stimulated colonies and for exhibition zones to be defined. With concentrations high enough partly to inhibit the growth of the test colony, exhibition zones were nevertheless prominent-owing presumably to an adaptive increase in chelator production as a response to the paucity of free iron in the medium (cf. Neilands, 1966) . The optimum EDDA concentration for demonstration of the activity of Proteus strain no. 254 and of desferrioxamine B was not that for the other microbial chelators ; moreover, the reversal of inhibition by klebsiella catechols was dubious. These observations indicate the need for empirical adjustment of the conditions of the test according to circumstances, particularly when no chelators are detectable. Negative results of this kind were not accepted unless they were consistently so in repeated tests. Once a positive was obtained with a particular test-indicator pair of strains, it was recorded as such, without regard to any previous negative results. 
Genus of test (producer) colony
The results are summarised in table 111. To these must be added the results with test solutions; namely that the EDDA inhibition of all the indicator organisms used was reversed by desferrioxamine B, by a preparation of klebsiella catechols and by ferric ions; but not by the mixture of other trace elements in 50 times the minimal growth-stimulating concentration. In all but five instances, where some of the results are negative, the microbial chelators are functionally interchangeable within the species and, where more than one species of a genus was tested, within the genus. They are also interchangeable between genera (fig. 6) . The secretion by the test colony of substances inhibiting the growth of the indicator organism accounts for two of four negative results with Aeromonas (table 111, row 1) and six of eight negatives with Pseudomonas (row 5) in tests against KZebsieZZa. The consistently negative results with Pseudomonas on Escherichia and Proteus (row 5 ) are most probably due to the simultaneous excretion by the pseudomonads of bactericidal substances, which was evident on plates with partly suppressed indicator organisms; and those with Proteus on KZebsieZZa (row 4) to poor chelator production. In these cases, proof of intergeneric activity was made with liquid cultures or with extracts of catechols from liquid cultures. With poor producers like Proteus, it was sufficient to acidify an overnight culture in DMSCPG to pH 6-0 and inactivate at 60°C for 30 min. to obtain a positive result with cups in a klebsiella indicator plate. Extraction of pseudomonas cultures with ethyl acetate extracted the active chelators and evidently left behind the antibacterial material produced by the organisms, for pseudomonas catechols prepared as above reversed the EDDA-inhibition of E. coli and Proteus.
The functional interchangeability of iron chelators may therefore be regarded as complete within the 7 x 7-fold scheme set out in 
Iron-chelator production and virulence
Of two randomly selected strains of E. coZi, nos. E28 and E65, one nonenteropathogenic and the other enteropathogenic, both were active producers of chelators. Among ten randomly selected strains of KlebsieZZa spp., whose guinea-pig virulence extended over a 200-fold range (to be published), there was no significant association with chelator production (fig. 7) ; some of the least virulent were the best producers. The more cogent tests were made with 13 fully smooth (S) forms and their fully rough (R) mutants. Indicator organisms of the homologous genus were used, but indicators of " alien " genera were also tested. These S-R pairs, of E. coli, salmonellae and shigellae, are listed in table IV. In all but a few tests, the zone of exhibition around each member of each pair was of almost identical diameter (figs. 5 and 8). The outstanding discrepancies were few, and usually on indicators of an alien genus. In these instances there was no systematic tendency for S forms to be more active than R forms, or vice versa.
ther applications
Extension of surveys
The above surveys were limited to enterobacteria, largely because these organisms grew readily on simple media. Provided that the right media, indicator organisms and EDDA concentration can be obtained, the method is applicable to studies of other groups of bacteria. For example, on nutrient agar media, three strains of Staphylococcus auras were active on E. coli serotype 0 1 11 and Proteus no. 254, though the zones of exhibition were very indistinct, and representatives of all seven enterobacterial genera were active on a staphylococcus indicator.
Detection and assay of isolated microbial iron chelators
Replicate tests with EDDA plates incorporating a totally suppressed indicator species are useful for the accurate biological assay of chelators (cf. Reich and Hanks, 1964) .
A modified procedure has proved useful for analysing paper chromatograms of catechol material extracted from cultures. Completely volatile solvents are used to develop the chromatogram, which is then dried and cut through the middle along its entire length. One half is treated conventionally and the other is laid on appropriate indicator plates. The position of any iron chelators is indicated by the exhibition zones that appear along the edge of the strip.
DISCUSSION
Our results provide strong evidence that the diffusible substances released from test colonies of " producer " strains reverse the growth-inhibition of the " indicator " organisms because they are chelators with a sufficiently high avidity for iron to remove it from the EDDA-iron complexes present in the medium. The association constant of EDDA with ferric iron is as high as 1033'9.
The nature of the chelators was not established, but in three generaKlebsiella, Proteus and Pseudomonas-the active material resembled the iron chelators already identified in some enterobacteria in that it appeared in the catechol fractions extractable from liquid cultures. Although we have demonstrated the functional interchangeability of the chelators, both qualitatively and to a substantial degree quantitatively, among the enterobacteria investigated, this is not evidence that they are all derivatives of phenolic acids like 2,3-dihydroxybenzoylserine. The equal efficacy of the trihydroxamic acid derivative, desferrioxamine B, and the iron-chelating catechols from klebsiellae confirms the experience of others that chelators of widely differing origin and structure may be utilised for iron transport by a given organism. For example, Bacillus subtilis, whose native iron chelator is 2,3-dihydroxybenzoylglycine (It0 and Neilands, 1958 ) is stimulated to take up iron by ferrichrome, a cyclic hexapeptide in which the iron is complexed to three hydroxamate groups (Peters and Warren, 1970) ; Pasteurella tularense secretes an iron chelator that can be substituted by ferrioxamine or ferrichrome (Halmann and Mager, 1967) ; and the chelator formed by Salm. typhimurium, 2,3-dihydroxybenzoylserine, can be substituted by ferrichrome (Pollack et al., 1970) or 2,3-dihydroxybenzoylglycine (Walsh and Warren, 1971) .
It is evident that the interchangeability of iron chelators is a general feature of enterobacteria, though exceptions may be established with further surveys of this large family. The method we have described could be used for studies of other groups of organisms provided that due regard is paid to the sensitivities of the test and indicator organisms in whatever medium is used. It has many advantages over methods dependent on finding chelator-poor strains to serve as indicators ; such as the Arthrobacter terragens procedure used for mycobactin assay (Reich and Hanks, 1964) or methods employing mutants of Salm. typhimurium ) and E. coli (Wang and Newton, 1969) whose iron uptake or growth is stimulated by enterochelins. It provides a simple, easily set up biological system for the semiquantitative detection of iron chelators from growing colonies, and for the accurate assay of chelators in solution.
Both Rogers (1973) with E. coli and Golden, Kochan and Spriggs (1974) with tubercle bacilli demonstrated that the avirulent and virulent forms of these two organisms were equally good producers of iron-chelators in certain circumstances in vitro. The point is of some importance: because bacteria presumably need iron for growth in vivo as well as in vitro, the capacity to produce iron chelators, though a necessary feature of a virulent bacterium, is not a determinant of virulence. These workers used randomly selected strains. However, if the virulent strains had proved to produce far more chelator than the avirulent, that difference might have been due to a metabolic peculiarity that had no direct connection with virulence. There would have been a greater likelihood of a significant association of the two properties if chelator production had been demonstrable in a virulent form and lost during its mutation to nonvirulence.
As to the relation of chelator production and virulence in the present study, there is no basis for supposing that chelator production per se distinguishes avirulent from virulent forms in a pathogenic species. With all the strains tested on indicator organisms of a like genus and often of other genera, both forms produced approximately the same amount of chelator in vitro. Whether that potential would be expressed equally well in vivo cannot be decided by in-vitro tests.
From both in-vitro and in-vivo tests, Rogers (1973) concluded that the mouse-avirulent E. coN serotype 0 1 11 and the mouse-virulent E. coli serotype 0141 both produced catechol chelators in iron-poor environments, and both could thereby obtain iron from the iron-transferrin complex of plasma, but that other substances in the plasma inhibited the synthesis or secretion of chelators by the relatively avirulent 0 1 11 strain. Equal mycobactin production in vitro by avirulent and virulent tubercle bacilli was observed by Golden et al. (1974) , who found however that surface-active agents removed mycobactin much more readily from avirulent strains; these workers suggested that the lipid-rich surface of virulent strains holds mycobactin better than the lipid-poor avirulent strains, thus enabling the virulent strains to grow better in vivo.
There are in-vitro parallels to this situation of equal production in one circumstance and not in another. Some of our shigella R-S pairs, equally productive with a shigella indicator, were grossly different on an " alien " indicator such as Klebsiella, one or the other member of the pair producing no chelators. If a difference of indicator strains can affect the metabolic powers of a bacterium in a relatively simple in-vitro system, the complex circumstances of an in-vivo infection may well do so.
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FIG.
8.-Equality of iron-chelator production by an S form of Sh. dysenteriae type 3 (1) and its fully R mutant (2). The indicator organism was Sh. dysenteriae type 4.
notion of virulence factors is of substances that are either directly toxic to the host, e.g., diphtheria toxin, or antagonise the antibacterial mechanisms of the host, e.g., the capsule of the pneumococcus; such a factor is possessed by virulent but not by avirulent strains. In this sense the iron-binding pesticin I is a virulence factor of Yersinia pestis, since strains of Y. pestis that do not synthesise it are less virulent (Brubaker, Beesley and Surgalla, 1965) . However, the capacity to express in vivo a metabolic property that is common to both virulent and avirulent forms cannot usefully be termed a virulence factor, because the capacity to display in vivo any one of the hundreds of metabolic activities common to both forms can by the same reasoning be classified as a virulence factor; and the term becomes so all-embracing as to obscure the valuable distinction implied in confining it to those activities that are peculiar to virulent forms.
Clearly a virulent form must have factors, peculiar to itself, which enable it to display all the common metabolic activities in vivo; but those factors are not the common metabolic activities themselves. All that can justifiably be said about enterobacterial iron chelators in this respect is that the capacity to produce chelators is necessary for virulence, but does not determine it.
SUMMARY
In or on agar media, low-density seedings of enterobacteria fail to grow in the presence of certain concentrations of ethylene diamine-di-orthohydroxyphenyl acetic acid (EDDA); on the other hand, high-density seedings not only grow but secrete iron chelators which release the iron bound by the EDDA in the medium and stimulate the growth of low-density seedings.
Plates of media containing EDDA with low-density seedings of indicator organisms were used to survey iron-chelator production in seven enterobacterial genera, including a number of virulent smooth (S) forms from which rough (R) mutants had been obtained. An examination of over 80 strains of Aeromonas, Escherichia, Klebsiella, Proteus, Pseudomonas, Salmonella and Shigella species indicated that the iron chelators from bacteria in all these genera were functionally interchangeable.
Chelator production was equally good with randomly selected avirulent and virulent strains of Klebsiella spp. and E. coli; and with the S forms and their avirulent R mutants in one pair of escherichiae, six pairs of salmonellae (4 species) and six pairs of shigellae (3 species). As determinable in vitro, the capacity to synthesise iron chelators is clearly no index of the capacity of a strain to proliferate in vivo.
